We investigated the mechanisms underlying damage to rat small intestine in heat-and shake-induced stress. Eighteen Sprague-Dawley rats were randomly divided into a control group and a 3-day stressed group treated 2 h daily for 3 days on a rotary platform at 35°C and 60 r/min. Hematoxylin and eosin-stained paraffin sections of the jejunum following stress revealed shedding of the villus tip epithelial cells and lamina propria exposure. Apoptosis increased at the villus tip and extended to the basement membrane. Photomicrographs revealed that the microvilli were shorter and sparser; the nuclear envelope invaginated and gaps in the karyolemma increased; and the endoplasmic reticulum (ER) swelled significantly. Gene microarray analysis assessed 93 differentially expressed genes associated with apoptosis, ER stress, and autophagy. Relevant genes were compiled from the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. Forty-one genes were involved in the regulation of apoptosis, fifteen were related to autophagy, and eleven responded to ER stress. According to KEGG, the apoptosis pathways, mitogen-activated protein kinase(MAPK) signaling pathway, the mammalian target of rapamycin (mTOR) signaling pathway, and regulation of autophagy were involved. Caspase3 (Casp3), caspase12 (Casp12), and microtubule-associate proteins 1 light chain 3 (LC3) increased significantly at the villus tip while mTOR decreased; phosphorylated-AKT (P-AKT) decreased. ER stress was involved and induced autophagy and apoptosis in rat intestinal damage following heat and shake stress. Bioinformatic analysis will help determine the underlying mechanisms in stress-induced damage in the small intestine.
Introduction
Severe physical stress can cause gastrointestinal (GI) dysfunction and pathology, including stress ulcers, multiple organ dysfunction, and increased intestinal permeability [1] . High
Materials and Methods

Animals and Groups
Eighteen male Sprague-Dawley rats weighing 200 ± 20 g (Beijing Vital River Laboratory, Animal Technology Co., Beijing, P. R. China) were housed at 25°C and 60% relative humidity for 1 week under a 12-h light/dark (19:00-07:00 h) cycle. On the eighth day, the rats were randomly divided into the following three groups: control (C), 1-day stress (S1d), and 3day stress (S3d) groups. Our previous study concluded that the day 2 stress group findings were not significantly different from the day 3 stress group results. Six rats in each group were housed in plastic cages (400 mm × 300 mm × 180 mm) with a layer of aspen shavings and provided free access to food and water. Additional data from rats subjected to the treatment protocol described below have been previously published [9] .
Animals from the source colony were tested and found to be free of a list of pathogens and adventitious agents on arrival; details may be found at [http://www.vitalriver.com.cn/en/ index_en.html]. All procedures performed on the animals were approved by the Animal Care and Use Committee of China Agricultural University (CAU) (permit number: 20121209-1). We followed the guidelines of the CAU Animal Care and Use Committee in handling the experimental animals during this study. The abbreviations of groups were listed in Table 1 .
Treatment and Sampling
The conditions of the treatment were as follows: 35°C with a vibration of 0.1 × g (relative centrifugal force) from 09:00-11:00 daily for 1 or 3 days, Sd1 and Sd3 groups, respectively. Rats' rectal temperature and body weight were recorded daily before and after stress. On the first and third days, rats from each group were anesthetized by ether inhalational anesthesia (diethylether, PR China), exsanguinated immediately after anesthesia, and then sacrificed. Sections of the jejunum were rapidly excised and preserved as follows: (1) 1-cm sections were fixed for 48 h in 10% buffered formalin phosphate for later embedding in paraffin; (2) 1 mm
Immunohistochemistry
Intestinal sections were incubated for 15 min in 3% hydrogen peroxide/methanol to stop endogenous peroxidase activity, and then rinsed for 20 min with phosphate-buffered saline solution (PBS). The sections were then incubated in 5% goat serum in PBS for 30 min (#KGSP04 Histostain-plus kit, KeyGen Biotech, Nanjing, China). The antibodies included Casp3, 1:800, Casp12, 1:100, and mTOR (1:100), (#9664, #2202, #2983, respectively, Cell Signaling Technology, Danvers, MA, USA), and LC3 (L8918, Sigma, 1:200). Antibodies were prediluted, stored in PBS containing bovine serum albumin and 0.05% sodium azide, then applied to sections and incubated for 2 h at 37°C in a moist chamber, and subsequently treated with a secondary antibody for 30 min. Immune complexes were detected using streptavidin-peroxidase (#KGSP04 Histostainplus kit, KeyGen Biotech) for 30 min at room temperature. After three washes in PBS, immunoreactivity was determined using 0.1% 3,3-diaminobenzidine and 0.02% hydrogen peroxide for 5 min DAB substrate kit, Vector Laboratories, Burlingame, CA, USA). Finally, sections were counterstained with hematoxylin after rinsing in distilled water. 
Western Blot Analysis
Protein was extracted from rat small intestine using a total protein extraction kit (#K3011010, Biochain, Hayward, CA, USA), and the concentration determined using a bicinchoninic acid protein assay (#23225, Pierce, Rockford, IL, USA). A 30-μg sample of total protein was electrophoresed for 120 min at 100 V, before being transferred onto nitrocellulose membranes (#88585, Pierce). Membranes were blocked overnight at 48°C in SuperBlock T20 blocking buffer (#37536, Pierce). AKT, p-AKT, and GAPDH (#4685, #4060, #5174, respectively, CST, MA, USA), and LC3 (L8918, Sigma) antibodies were added to the blocking buffer (diluted according to the instruction manual) and incubated for 2 h under agitation. Blots were washed in PBS/tween-20 (T20) for 5 min with shaking. Blots were incubated with the secondary antibody (926-32211, IRDye 800CW goat anti-rabbit IgG (H+L). Proteins were detected using the Odyssey Infrared Imaging System (Li-Cor Biosciences, Lincoln, NE, USA). Quantification of digitized images of western blot bands from three biological replicates was performed using ImageJ software (National Institutes of Health, New York, NY, USA).
Total RNA Isolation and Reverse Transcription
Total RNA was isolated from the jejunum using a phenol and guanidine isothiocyanate-based TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The concentration and purity were assessed by a spectrophotometer (SmartSpec plus, Bio-Rad Laboratories, Inc., Hercules, CA, USA) based on the OD260/OD280 ratio [32] . Total RNA was reverse transcribed as follows: 2.0 μg RNA isolated from each tissue sample was added to 25 μL reaction solution containing 2.0 μL oligo-dT18, 5.0 μL deoxyribonucleoside triphosphates (dNTPs), 1.0 μL RNase inhibitor, 1.0 μL Moloney murine leukemia virus (M-MLV) transcriptase, 5.0 μL M-MLV reverse transcriptase reaction buffer (Promega, Madison, WI, USA) and RNase-free water. The reverse-transcription procedure was performed according to the manufacturer's instructions (Promega) as follows: 70°C for 5 min and 42°C for 1 h. The reverse transcriptase products (cDNA) were stored at −20°C.
Gene mRNA Expression Analysis by Real-Time PCR
The gene expression levels were determined by real-time PCR (RT-PCR) analysis. Quantitative PCR analysis was carried out using the DNA Engine Mx3000P1 (Stratagene, La Jolla, California, USA) fluorescence detection system against a double-stranded DNA-specific fluorescent dye (Stratagene, La Jolla, CA, USA) according to optimized PCR protocols. β-actin was amplified in parallel with the target genes and used as a normalization control [33, 34] . The protocol was as follows: 95°C for 3 min, followed by 40 cycles of 95°C for 10 s, 60°C for 20 s, and 72°C for 60 s. For the dissociation curve, we incubated the amplified products at 95°C for 1 min and lowered the temperature to 55°C at a rate of 0.2°C/s while continuously measuring the fluorescence levels. Expression levels were determined using the relative threshold cycle (CT) method as described by the manufacturer (Stratagene). Each gene was calculated by evaluating the expression of 2 −ΔΔCT , where ΔΔCT is the result of the following: [CTgene − CTβ-actin] (stress) − [CTgene − CTβ-actin] (control). The cDNA of each sample was subjected to RT-PCR using the primer pairs listed in Table 2 . The PCR reaction (20 μL) contained 10 μL of SYBR Green PCR mix (Invitrogen), 0.3 μL of reference dye, 1 μL of each primer (both 10 μmol/L), and 1 μL of cDNA template.
below: (GSE61498, http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE61498) All steps from RNA amplification to the final scanner output were conducted by a private contractor (Biochip, Shanghai, China). The main gene symbols and gene descriptions were listed in Table 1 .
Microarray Data Analysis. Bioinformatic analyses including molecular function, biological processes, cellular components, and KEGG pathway were conducted using MAS 3.0 molecule annotation system, DAVID Bioinformatics Resources 6.7, Amigo, GeneInfoViz Constructing and Visualizing Gene Relation Networks, and SBC analysis system [9, 35] 
Statistical Analysis
All results are presented as the mean ± SD. Statistical analysis was performed by one-way analysis of variance (ANOVA) and post hoc tests using SPSS version 17.0 (SPSS, Inc., an IBM Company, Chicago, IL, USA). A P-value of < 0.05 was considered significant.
Results
Assessment of the Stress Model
The small intestine tissue (jejunum) obtained from rats on the first and third day of treatment was used for the molecular experiments. The rectal temperatures of rats were significantly increased after the stress. The body weights were decreased notably compared with the control group. Moreover, the mRNA expression levels of Hsp27 and Hsp70 were significantly increased compared with the control, (P < 0.01; Fig 1A) Heat-and Shake-stress led to a series of clinical symptoms including fatigue and diarrhea. The rats' hair was wet and unkempt because rats don't sweat. They coated themselves in saliva in response to heat stress and attempt to cool themselves down. Necropsy showed that the serosa was hyperemic with intestinal vascular engorgement after simulated stress. To study the morphological changes, paraffin sections of jejunum were stained with hematoxylin and eosin. The epithelial cells at the villus tip were shedding and the lamina propria was exposed in the two stress groups, most severely in the S3d group, which suffered more stress than in the other groups (Fig 2A) . To further study the ultrastructural changes, the jejunum of the S3d group was examined using transmission electron microscopy ( Fig 2B) . TUNEL staining showed increased positive substances, which indicated that apoptosis increased at the top of the jejunal villi and transferred to the basement membrane in the stress groups ( Fig 2C) . The results of the immunohistochemistry tests also showed the structure damage at the top of jejunal villi. Besides, Casp3, Casp12, LC3 and mTOR were changed at the villus tips (Fig 3) . Photomicrographs revealed that the microvilli of the intestinal epithelium were atrophying and became shorter and sparser after the stress. The nuclei of the columnar epithelial cells in the stress groups were morphologically abnormal. The nuclear envelope invaginated in a serrated shape, and gaps in the karyolemma increased, revealing early symptoms of apoptosis and necrosis. The ER swelled significantly, indicating ER stress in the cells. These results indicated that the stress caused severe jejunal damage.
mRNA Expression Profiling and Bioinformatics Analysis of Differentially Expressed Genes Related to Apoptosis and Autophagy
Gene expression profiling of the rats' jejunum was performed by DNA microarrays using samples from the Sd3 group and controls. More than 41 000 rat genes and transcripts were investigated. Because apoptosis and autophagy induced by ER stress may be the potential mechanism of jejunal injury in the stress, 93 apoptosis or autophagy-related differentially expressed genes were selected (Table 3) and 67 genes such as Os9, Casp12, Atf4, Col4a3bp, Ddit3, Atg10, and Scamp5 in ER unfolded protein response (GO:0030968) were up-regulated, suggesting that ER stress was activated. At the same time, Atg4b, Wipi1, Arsa, Atg7, Atg10, Lamp1, Map1lc3b, Ctsd, Atg5, Tm9sf1, and Irgm in autophagy (GO:0006914) increased, also suggesting that autophagy was activated. Thirty-one genes including Bcl2ls, Eif2s, mTOR (P<0.01 and foldchange 1.5) were down-regulated, potentially indicating that a related signaling pathway may be involved in the stress response. The 93 differentially expressed genes were analyzed by a Molecule Annotation System, MAS 3.0, GeneInfoViz and DAVID, and were classified into GO slim terms. Table 3 shows these differentially expressed genes in more detail. Heat map was conducted showed visualize differentially expressed genes between the control group and S3d the ( Fig 4A) The distribution in three major gene ontologies: biological processes, cellular components, and molecular function were showed. Eighty-five differentially expressed genes were related to 267 chart records in biological processes, 41 genes were enriched in the regulation of apoptosis (GO:0042981, GO:0043067, GO:0010941), and half were related to the positive regulation of apoptosis (GO:0043065, GO:0043068, GO:0010942). Another 19 genes each for negative regulation (GO:0043066, GO:0043069, GO:0060548). Also, 15 genes were related to autophagy (GO:0006914), 23 to the cellular response to stress (GO:0033554), and 11 to the response to endoplasmic reticulum stress (GO:0034976) (Fig 5B) . Sixty-eight differentially expressed genes were related to 39 chart records in cellular components, mainly enriched in the GO related to the cell membranes, such as the organelle membrane, organelle envelope, membrane-enclosed lumen, ER, cytoplasmic vesicle, autophagic vacuole and others (GO:0031090, GO:0031967, GO:0031974, GO:0005783, GO:0031410, and GO:0005776, respectively) ( Fig 5A) . There were also 22 chart records in molecular function, mainly enriched in the GO related to protein binding and calcium ion binding ( Fig 5C) . Some of the altered GO are listed in Table 4 . In GO Quantification of western blot determination of P-AKT, AKT, cleaved Casp3 and LC3; (C) mRNA expression levels of Casp12, Casp8, Casp9, Atf4, Atf6, Lcn2, Dap, Zbtb16, Herpud1, and mTOR in the rat jejunum were quantified by realtime PCR. Sections of small intestine were collected from control, 1-day, or 3-day stressed rats. P-AKT and AKT were significantly decreased after 1-day or 3-day stress. Casp12, Casp8, Casp9, Atf4, Atf6, Lcn2, Dap, Zbtb16, and Atf6 levels were significantly increased, while Herpud1 and mTOR levels were decreased. Values are expressed as a percentage of control. Data are mean ± SE, n = 3 rats for each group. *P < 0.05, **P < 0.01 compared with control; t-test. cluster analysis, the black squares represented gene-term associations not yet reported, suggesting a potential new gene-term for differentially expressed genes in the stress. In the analysis of the comparison of the network graph of proteins and GO (Fig 6A) and the gene pathway network graph (Fig 6B) , AKT1, TSC1/2, Casp9, Fas, Bcl2s, Bcl2ls, Eif-2s, Mmp9, Zbtb16, and others were important. The 2-D view module functional annotation clustering graphic presentations helped to understand the common biology among related genes in the anti-apoptosis related GO; enrichment score is 12.29. (Fig 7A) , autophagy related GO; enrichment score is 5.44. (Fig 7B) , ER stress related GO; enrichment score is 6.75 ( Fig 7C) and autophagic vacuole related GO; enrichment score is 4.04 (Fig 7D) related GO. Also, the analysis pinpointed the key biological differences among related genes, providing links to detailed resources for drill-down analysis. To define the biological pathways related to Heat-and Shake-stress in rat jejunum, we used MAS 3.0 (http://bioinfo.capitalbio.com/mas3/) and a Molecule Annotation System (http://sas.ebioservice.com/uiframe.firstpage.do) and KEGG pathway analysis revealed that 14 genes were in the apoptosis pathway, nine were in the p53 signaling pathway, five were involved in the regulation of autophagy, nine in the MAPK signaling pathway, and three in the mTOR signaling pathway (Table 5) .
We predicted that the interaction of molecules related to ER stress, apoptosis, and autophagy detected in the current study would provide insight into the possible mechanisms of heat and shaking stress-induced cellular damage. The key molecules may include mTOR, Tnf, Casp12, Bcl2ls, Slc2a4 and others (Fig 4B) . The mTOR signaling pathway may be a response to heat and shake stress, because mTOR and eukaryotic translation initiation factor-2s (Eif2s) decreased while TSC1 and TSC2 increased, which may be negatively regulated by ER stress, a potential mechanism of enhanced autophagy.
Casp12, Casp8, Casp9, Atf4, Lcn2, Dap, Zbtb16, Atf6, Herpud1, and mTOR were detected by real-time PCR to verify differentially expressed genes in the gene microarray analysis. The mRNA expression levels of mTOR and Herpud1 were significantly down-regulated and the other genes were up-regulated in the rat jejunum after stress (P < 0.05; Fig 1C) . The changes in gene expression closely correlated with the corresponding microarray data, although the exact fold-change differed between the two assays.
Heat-and Shake-Stress Triggered ER Stress, Apoptosis, and Autophagy at the Top of the Rat Jejunal Villi ER stress may induce apoptosis or autophagy during the stress process. The results of the immunohistochemistry tests showed that at the top of jejunal villi, Casp3, Casp12, and LC3 significantly increased while mTOR decreased (Figs 1 and 3) . The western blot tests used whole jejunal tissue and revealed the level of proteins including AKT and P-AKT decreased compared with the control group (P < 0.05; Fig 1B) . These results indicated that rat jejunum in the stress suffered ER stress and autophagy, especially at the top of the villi, and that apoptosis may concentrate at the top of the villi, rather than throughout the jejunal tissue.
Discussion
Heat-and Shake-Stress Induced Significant Damage to the Rat Jejunum
Heat stress occurs frequently in the summer, and shaking increases body temperature during transport. Both have effects in animals and humans, potentially leading to irritable bowel syndrome. The model in this study was applied to rats that were treated as follows: shaking at of rats subjected to 3 days of stress treatment or control conditions. LC3, Casp3, and Casp12 levels increased while mTOR levels decreased (brown stain; sections counterstained with hematoxylin, light purple) in response to heat treatment above control levels.
doi:10.1371/journal.pone.0143922.g003
Endoplasmic Reticulum Stress Endoplasmic Reticulum Stress 0.1 × g to simulate shaking stress, a 35°C ambient temperature on a constant temperature shaker, for 2 h/d for 1 or 3 days, according to the group. The observed significant decreases in body weight and increases in rectal temperature, and transcription of hsp27/70confirmed successful stress responses in the rats. Small intestine tissue (jejunum) obtained from rats on the first and third day of treatment was used for molecular biology experiments and gene microarray. The effects of stress resulting from transport and handling during shipping have been shown to impair the intestinal barrier [36] . In heat stress, compensatory mechanisms are activated to protect vital organs and dissipate internal heat at the body surface, reducing blood flow to the GI tract [2] , leading to significant mucosal injury in the small intestine [37] . The abnormal clinical behavior we saw in this study reflected the rats' physiological stress. The state of the intestine in the S3d group at necropsy showed a redistribution of blood flow. The intestinal barrier protects the body from pathogens and cytotoxic chemicals and because the epithelial cells at the villus tip were shedding and the lamina propria was exposed in the stressed rats, the competence of the intestinal barrier disintegrated (Fig 2A) , leading to intestinal barrier dysfunction. We investigated the potential underlying mechanism, and found that the microstructural changes in the epithelial cells revealed apoptosis, seen as nuclear envelopes invaginating in a serrated pattern, increased gaps in the karyolemma, significant ER swelling, and nuclear pyknosis. These results were verified by TUNEL staining (Fig 2C) . Apoptosis at the tip of villus increased and extended to the basement membrane of the villus. These results indicated that heat and shake stress induced significant damage to the rat jejunum, and may lead to diarrhea, inflammation, infection by microorganisms, or other GI disorders.
Heat and Shake Stress Triggers ER Stress and Induced Apoptosis and Autophagy of the Rat Jejunum
Because of blood redistribution, ischemia of the intestine leads to reduced blood glucose in the jejunum [9] . Energy may then become limited for protein folding in the ER and therefore activate UPR [38] . Accumulation of misfolded proteins under stress also causes ER stress [39] . Swelling of the ER was seen in transmission electron microscopy in our study, indicating ER stress in rat jejunal epithelial cells after stress (Fig 2B) . In this study, whole jejunum tissues were used as the material for the gene microarray. In order to elucidate the stress response mechanism in vivo, Figs 5 and 6 were drawn to show the relationship between differentially expressed genes and the relevant GO and pathways. These results showed that ER stress, autophagy, apoptosis and other cellular functions are trigged in rat small intestine. The membrane is the main component of the ER and autophagy. According to GO term enrichment graph (Fig 5A) and Table 4 , we found that differentially expressed genes were enriched in both the ER(GO:0005783) and autophagic vacuoles (GO:0005776) by the stress. They were also enriched in protein binding and calcium ion binding, which is the main function of the ER. ER stress triggers autophagy in mild stress [19] . However, if the stress is prolonged, or the adaptive response fails, ER stress triggers and initiates apoptosis [21] . Overall, our results indicated that ER stress plays a key role in heat and shake stress. Endoplasmic Reticulum Stress KEGG pathway analysis revealed that apoptosis, the p53 signaling pathway, autophagy, the MAPK signaling pathway, and the mTOR signaling pathway were involved in the mechanism of rat intestinal damage induced by heat and shake stress.
Our previous studies have shown that growth-related molecule expression was involved in heat stress-induced damage in rat jejunum based on gene microarray [5] . Oxidative stress and MAPK pathways were involved as well [8, 40] . Recently, several studies provided new insights Endoplasmic Reticulum Stress into the function of the MAPK pathway in the control of the balance of autophagy and apoptosis in response to genotoxic stress [23] . Research has also shown that autophagy was involved in oxidative stress or simultaneously existed in certain pathological processes [41] . Oxidative stress and increased generation of ROS have been reported to serve as important stimuli of autophagy during periods of nutrient deprivation, ischemia/reperfusion, and in response to cell stress [42, 43] . Oxidative stress and MAPK signaling pathways were shown to be involved in heat stress-induced injury in the rat jejunum. Autophagy is a method of cell survival and it plays an important role during the stress response. In nutrient limitation, ER stress, starvation, or other pathological conditions, autophagy breaks down unnecessary macromolecules and provides the intermediate metabolites of catabolism and anabolism [44] [45] [46] . During autophagy, the body must synthesize proteins with limited resources inside the cell; autophagy aids this by recycling nutrients. Therefore, autophagy is a basic means of cell survival in stress. In this study, LC3 significantly increased at the villus tip in the jejunum (Figs 1B and 3A) , and in gene microarray analysis, approximately 10 differentially expressed genes involved in autophagy, including Atg4b, Arsa, Atg7, Atg10, Lamp1, Map1lc3b, Ctsd, Atg5, and others, were up-regulated. These results showed that autophagy increased in heat and shake stress. ER stress negatively regulates the AKT/TSC/mTOR Endoplasmic Reticulum Stress pathway to enhance autophagy [30] . AKT, a serine/threonine-specific protein kinase, plays a fundamental role in cell survival and apoptosis [47] . mTOR inhibition induces upstream receptor tyrosine kinase signaling and activates AKT in acute myelogenous leukemia (AML) cells [48] . Activation of the phosphoinositide-3-kinase/AKT/mTOR pathway causes an mTORdependent loss in insulin receptor substrate-1 expression leading to feedback down-regulation of the signaling that occurs through this pathway [49] . Rapamycin inhibits AKT/PKB signaling in cells by decreasing the levels of intact mTORC2 below those needed to maintain the phosphorylation of S473 of AKT/PKB [50] . In the gene microarray analysis in our study, the level of mTOR decreased, and TSC increased. Because P-AKT was decreased (Fig 1B) , AKT/TSC/ mTOR pathway may also be involved in autophagy induced by heat and shake stress.
Severe or prolonged ER stress induces activation of unique pathways that lead to cell death through apoptosis [51, 52] . Casp12, IRE1/PERK/JNK, and p53 signaling pathways have been directly implicated in ER stress-induced apoptosis [53] [54] [55] . The data showed that Casp12 was increased and that the p53 signaling pathway was activated in gene microarray analysis. Especially at the tip of jejunal villi in our study, Casp12 and Casp3 increased ( Figs 1B and 3) , which may indicate that ER stress-induced apoptosis occurred in response to the stress, suggesting that ER stress may induce autophagy through the AKT/TSC/mTOR pathway, with apoptosis simultaneously mediated by Casp12 or p53 signaling pathways.
In the analysis of the comparison of the network graph of proteins and GO (Fig 6A) and the gene pathway network graph (Fig 6B) , AKT1, TSC1/2, Casp9, Fas, Bcl2s, Bcl2ls, Eif-2s, Mmp9, Zbtb16, and others were important. Results of RT-PCR were consistent with the gene microarray analysis and verified the data. In GO cluster analysis, the 2-D view module functional annotation clustering graphic presentations helped predict the possible functions of genes related to ER stress-induced apoptosis and autophagy, and provided new insight into gene function research.
In conclusion, the present study investigated the effects of heat and shake stress on the morphology, differential gene expression, and the level of related proteins in rat jejunum. Stress induced significant morphological damage to the small intestinal epithelium. Fifty-three differentially expressed genes related to apoptosis and autophagy were selected from the gene microarray data. Related proteins such as LC3, Casp12, mTOR, Casp3, and others were also detected. The changes in gene expression provided the potential biological pathways that occur in response to stress. Based on the gene expression analysis, damage to the rat small intestine may be related to apoptosis induced by ER stress at the tip of the jejunal villus, and autophagy also induced by ER stress may be a potential cell survival mechanism in the heat and shake Endoplasmic Reticulum Stress stress response during summer. The AKT/TSC/mTOR pathway may also be involved in this autophagy mechanism. In this study, the relationship between ER stress, apoptosis, and autophagy may provide new perspectives for stress research. Our results also provide a theoretical basis for the mechanisms underlying rat small intestine injury in stress stimulated by simultaneous heat and shake.
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